BACKGROUND: Surgery for cervical spondylotic myelopathy (CSM) is generally safe and effective. Nonetheless, complications occur in 11% to 38% of patients. Knowledge of important predictors of complications will help clinicians identify high-risk patients and institute prevention and management strategies. OBJECTIVE: To identify clinical and surgical predictors of perioperative complications in CSM patients. METHODS: Four hundred seventy-nine surgical CSM patients were enrolled in the prospective CSM-International study at 16 sites. A panel of physicians reviewed all adverse events and classified each as related or unrelated to surgery. Univariate analyses were performed to determine differences between patients who experienced a perioperative complication and those who did not. A complication prediction rule was developed using multiple logistic regression. RESULTS: Seventy-eight patients experienced 89 perioperative complications (16.25%). On univariate analysis, the major clinical risk factors were ossification of the posterior longitudinal ligament (OPLL) (P = .055), number of comorbidities (P = .002), comorbidity score (P = .006), diabetes mellitus (P = .001), and coexisting gastrointestinal (P = .039) and cardiovascular (P = .046) disorders. Patients undergoing a 2-stage surgery (P = .002) and those with a longer operative duration (P = .001) were at greater risk of perioperative complications. A final prediction model consisted of diabetes mellitus (odds ratio [OR] = 1.96, P = .060), number of comorbidities (OR = 1.20, P = .069), operative duration (OR = 1.07, P = .002), and OPLL (OR = 1.75, P = .040). CONCLUSION: Surgical CSM patients have a higher risk of perioperative complications if they have a greater number of comorbidities, coexisting diabetes mellitus, OPLL, and a longer operative duration. Surgeons can use this information to discuss the risks and benefits of surgery with patients, to plan case-specific preventive strategies, and to ensure appropriate management in the perioperative period. 1,2 This disease is caused by age-related alterations including (1) degeneration of the facet joints, intervertebral discs and/or vertebral bodies; (2) hypertrophy of the ligamentum flavum; and (3) ossification of the longitudinal ligament (OPLL).
C ervical spondylotic myelopathy (CSM) is a progressive degenerative cervical spine disease and the most common cause of spinal cord dysfunction in the elderly worldwide. 1, 2 This disease is caused by age-related alterations including (1) degeneration of the facet joints, intervertebral discs and/or vertebral bodies; (2) hypertrophy of the ligamentum flavum; and (3) ossification of the longitudinal ligament (OPLL). 3, 4 Based on results from a recent systematic review, approximately 20% to 60% of patients with symptomatic and radiological features of CSM will deteriorate overtime if not treated surgically. 5 Surgery is, therefore, increasingly recommended as the preferred management strategy for these patients, because it can halt neurological progression as well as effectively improve both functional status and quality of life. [6] [7] [8] [9] [10] [11] [12] Although surgery is generally safe and effective, complications still occur in 11% to 38% of patients. 13, 14 The majority of these are transient and nonneurological; they do not require invasive intervention or a prolonged hospital stay. 15 Regardless, surgical complications still affect a patient's overall perception of surgery and may often involve more extensive postoperative management, additional follow-up visits, and increased associated costs. Therefore, surgeons should better anticipate these complications, institute preventive strategies, and closely monitor their patients in the perioperative period.
Predicting intraoperative and postoperative complications is an increasingly important area of research. In a systematic review of the literature, older age and a longer operative duration were predictive of overall perioperative complications, and a 2-stage anteroposterior procedure was a significant predictor of major complications. Furthermore, low evidence suggested an association between a diagnosis of OPLL and the occurrence of C5 root palsy. Other clinical, imaging, and surgical factors were not identified as significant predictors. Further investigation is required to support these conclusions and to develop a complications prediction model that could objectively identify "highrisk" patients. This knowledge can help surgeons develop case-specific pre-and postoperative management strategies and inform patients of their relative risks and benefits during the consent discussion. Furthermore, this information will enable health care providers to better anticipate hospital utilization costs, allocate sufficient resources, and implement optimal rehabilitation plans.
This study aims to characterize and quantify perioperative complications in patients undergoing surgery for the treatment of CSM, to identify important clinical and surgical predictors of complications, and to develop a prediction rule.
These objectives will be achieved using data from 479 patients enrolled in the prospective, multinational AOSpine CSM-International study. This study represents the largest analysis to date and the first time surgical complications have been evaluated at an international level.
METHODS Study Design and Setting
Between October 2007 and January 2011, 479 patients were enrolled in the prospective AOSpine CSM-International study from 16 global sites ( Figure 1 ). Participating centers were selected following an open call by AOSpine International and were subsequently evaluated to ensure capacity to conduct the study, subject availability, and presence of experienced research personnel. All sites were academic centers and were expected to enroll a minimum of 10 patients per year into the study. Investigators were orthopedic surgeons or neurosurgeons who specialized in treating disorders of the spine.
Participants
Patients were eligible for this study if they were referred to a site's neurosurgery or orthopedic surgery department and if they satisfied the following inclusion criteria: (1) 18 years of age or older; (2) presenting with symptomatic CSM with at least 1 clinical sign of myelopathy; (3) imaging evidence of cervical cord compression; and (4) no previous surgery. Patients were excluded if they were asymptomatic or if they had active infection, neoplastic disease, rheumatoid arthritis, ankylosing spondylitis, or concomitant lumbar stenosis. At their respective sites, all patients underwent decompression surgery. The approach (anterior or posterior), technique, number of stages, whether or not to use instrumentation, and the number of decompressed levels varied by case and was left at the discretion of the attending surgeon.
Data Collection and Predictors
Extensive data were collected at baseline, including demographic information, medical history, causative pathology, surgical summary, functional status, and health-related quality of life. Table 1 summarizes what clinical and surgical predictors were evaluated and defines how quantitative variables were handled in our analyses. Furthermore, this table describes the reliability and units of measurement of all predictors.
Primary Outcome Measure: Perioperative Complications
Throughout the study period, investigators were required to record all adverse events, defined as any untoward medical occurrence in a subject. Surgeons could select from a list of 24 anticipated complications or specify the adverse event in an "other" textbox (Table 2) . Information was collected on severity of event, timing relative to surgery, frequency, action taken (none, medication, conservative, operative treatment), and outcome. All adverse events were adjudicated by a panel of investigators and classified as either related to CSM, related to surgery, or unrelated. Any uncertainties were resolved by consulting the source documents at the specific site. An adverse event related surgery was defined as a surgical complication. Complications were further classified as minor or major, where major events resulted in permanent morbidity, invasive intervention, or prolongation of hospital stay. The primary outcome measure for this study was the presence or absence of perioperative complications, defined as surgery-related events occurring within 30 days of surgery. 
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Statistical Analysis
The objective of this analysis was to determine significant clinical or surgical predictors of perioperative complications.
Descriptive statistics were computed for all clinical and surgical variables (Table 1 ). Continuous predictors were described using means, standard deviations, and ranges. Categorical variables were summarized using frequencies and percentages. The incidence of perioperative complications was quantified and the frequency of each type of complication was calculated.
Simple logistic regression analyses were conducted to evaluate the association between various clinical and surgical factors and perioperative complications. Predictors that yielded a P value of ,.20 in univariate analyses were included in multivariate analysis. Based on a systematic review and a survey of spine care professionals, variables that had a P value of ..20 but were considered clinically important were also evaluated in multivariate analysis.
Collinearity of all variables was assessed by calculating tolerance. Multivariate logistic regression was used to determine the best combination of surgical and clinical predictors. Variables were included in the final model if they (1) contributed significantly to the predictive performance of the model, as evaluated by the area under the receiver operating curve; (2) were statistically significant; and/or (3) were clinically relevant based on existing literature or results from an international survey of spine care professionals. Methods like these ensure that the model is more generalizable and externally valid than if it was solely based on statistical findings. Logistic regression was used to formulate the final equation and determine odds ratios for each covariate. The prediction equation is given by Equation 1:
where P is the probability of experiencing a perioperative complication, b 0 is the estimate of the intercept, and b (1,2,3,j) are the parameter estimates of the predictor variables X (1,2,3,j) . Subanalyses were conducted to explore the association between each predictor included in the multivariate model and specific categories of complications. These categories included surgical, neurological, and pain complications, infection, and dysphagia/dysphonia. Furthermore, rates of these specific complications were statistically compared between (1) anterior and posterior surgeries, (2) laminectomy with fusion and laminoplasty, and (3) 1-and 2-stage procedures. Means were compared between groups by using the appropriate t test and frequencies were compared using a x 2 or Fisher exact test.
RESULTS
Participants and Descriptive Data
A total of 479 patients were enrolled in the AOSpine CSM-International study from 16 global sites in 4 continents: 150 (31.32%) were from 6 Asian Pacific sites, 126 (26.30%) were from 5 European sites, 123 (25.68%) were from 2 sites in North America, and 80 (16.70%) were from 3 sites in South America ( Table 3) .
The study cohort consisted of 310 (64.72%) men and 169 (35.28%) women, with ages ranging from 21 to 87 years (mean age 56.4 6 11.9 years). The patients had a wide range of preoperative myelopathy severities (3-18) and a mean baseline modified Japanese Orthopaedic Association (mJOA) score of 12.5 6 2.9. Duration of symptoms ranged from 0.25 to 240 months (mean duration 27.0 6 34.7 months). Sixty percent of patients were diagnosed with one or more comorbidities before surgery; the most common types of comorbidities were related to the cardiovascular system (56.49%). Sixty patients (12.53%) had preexisting diabetes mellitus: 42 were mild, 16 moderate, 1 severe, 
Outcome Data: Perioperative Complications
Seventy-eight patients experienced 89 complications, yielding an overall incidence of 16.25%. Table 3 summarizes the rate of complications at each participating center. Sixty-eight patients had a single complication, 9 had 2, and 1 experienced 3. Thirtyfour (38.20%) of these complications occurred on the day of surgery. The most common complications were dysphagia (4.38%), dural tear (2.92%), and superficial infection (2.09%). Very few patients experienced hardware failure (0.21%), graft dislodgement (0.21%), or graft pain (0.21%) within the perioperative period. With respect to neurological complications, 4 (0.84%) patients had C5 radiculopathy, 3 (0.63%) experienced perioperative worsening of myelopathy, 3 (0.63%) exhibited symptoms of new radiculopathy, and 1 (0.21%) experienced progression of myelopathy (0.21%). Table 5 provides an overview of the types of complications experienced by the patients enrolled in the CSM-International study. The majority of these were defined as minor and did not result in permanent morbidity, prolongation of hospital stay, or invasive intervention. Furthermore, these complications did not affect functional or neurological status at 1 year: patients who experienced a complication improved on average by 2.1 6 2.6 on the mJOA, whereas patients without a perioperative complication improved by 2.5 6 2.7 (P = .33).
Main Results Univariate Analysis: Clinical Factors
Patients with complications were on average older (57.9 6 10.9 years) and had a higher body mass index (BMI) (26.7 6 4.6 kg/m 2 ) in comparison with patients without complications (56.1 6 12.1 BMI, OR = 1.05, P = .10). Patients with more severe myelopathy (OR = 0.94, P = .14) or a longer duration of symptoms (OR = 1.14, P = .14) were not at a higher risk of experiencing a complication perioperatively. Univariately, the major clinical risk factors for perioperative complications were a diagnosis of OPLL (OR = 1.65, P = .055), the number of comorbidities preoperatively (OR = 1.32, P = .002), comorbidity score (OR = 1.19, P = .006), diabetes mellitus (OR = 2.83, P = .001), and coexisting cardiovascular (OR = 1.64, P = .046) and gastrointestinal disorders (OR = 1.92, P = .034). Of the cardiovascular diseases, hypertension was associated with the greatest risk of complications (OR = 1.74, P = .026).
Smoking status and sex were not predictive of complications (Table 6 ).
Univariate Analysis: Surgical Factors
There was no significant difference in complication rates between patients treated anteriorly (8.99%) and those treated posteriorly (6.42%) (P = .88). Patients undergoing a 2-stage circumferential surgery, however, were at a greater risk of perioperative complications than patients treated with either a single-stage anterior or posterior surgery (OR = 6.58, P = .002). Patients with complications had a greater number of decompressed levels (3.9 6 1.3) than those without complications (3.6 6 1.3), although this relationship did not reach statistical significance (P = .075). Finally, a longer operative duration was a significant predictor of perioperative complications (OR = 1.08, P = .001) ( Table 7) .
Multivariate Analysis
Assessment of tolerance indicated collinearity between cardiovascular comorbidities, comorbidity score, and the number of comorbidities (tolerance , 0.5). We opted to evaluate each of these 3 predictors independently in multivariate analysis rather than choosing one. The final logistic regression model consisted of one statistically significant clinical variable, one significant 
Sub-Analyses
A higher percentage of patients with OPLL experienced a wound infection (6.67%) and surgical (2.22%) and pain-related (2.22%) complications than patients with other forms of degenerative cervical myelopathy (infection: 1.16%, P = .002; surgical: 3.20%, P = .043; pain: 0%, P = .022). Diabetic patients were at a greater risk of dysphagia/dysphonia (18.33%) than patients without diabetes mellitus (2.63%, P , .001). Surgical complications were associated with a longer operative duration, whereas a higher number of comorbidities was predictive of dysphagia/ dysphonia (P = .001) ( Table 9) . Table 10 compares rates of specific complications between (1) anterior and posterior surgery, (2) laminectomy and fusion and laminoplasty, and (3) 1-and 2-stage surgery. The anterior approach was associated with a higher incidence of dysphagia/dysphonia (6.88%) than posterior surgery (0%, P = .001). Infection rates were higher in patients treated posteriorly (4.19%) than in those treated anteriorly (1.09%), although this relationship did not reach statistical significance (P = .057). A 2-stage surgery was associated with significantly higher rates of infection (18.18%) and dysphagia/ dysphonia (27.27%) than either a single-stage anterior or posterior surgery (infection: 2.36%, P = .033; dysphagia/dysphonia: 4.0%, P = .011). Finally, there was a higher incidence of wound infection in patients treated with laminectomy and fusion (6.48%) than those receiving laminoplasty (0%, P = .045).
Applying the Model to 2 Cases Case 1. A 54-year-old nonsmoking woman presented with moderate myelopathy (mJOA = 12) secondary to spondylosis and disc herniation. This patient had bilateral arm paresthesia, L'Hermitte phenomena, atrophy of intrinsic hand muscles, and a broad-based unstable gait. The duration of symptoms was reported as 50 months. The patient also had coexisting mild depression. She was treated with a 3-level anterior discectomy with fusion and her operative duration was 160 minutes (Figure 2) . Case 2. A 78-year-old nonsmoking man presented with severe myelopathy (mJOA = 7) secondary to spondylosis. This patient had numb and clumsy hands, impaired gait, weakness, corticospinal distribution motor deficits, hyperreflexia, lower limb spasticity, and broad-based unstable gait. The duration of symptoms was reported as 72 months. The patient also had concomitant moderate hypertension, moderate diabetes mellitus, and severe coronary arterial disease. He was treated with a 6-level posterior laminectomy and fusion and his operative duration was 420 minutes (Figure 3) .
With the use of Equation 2, case 1 had a 10.69% (95% CI: 7.71%-14.65%) probability of experiencing a complication, whereas case 2 had a much greater risk (P = 58.42%, 95% CI: 37.02%-77.05%). Case 2 should be informed of this risk during the surgical consent process and his attending surgeon should develop a case-specific preventative plan. Furthermore, case 2 should be more closely monitored in the postoperative period.
DISCUSSION Key Results
This study aimed to first identify key clinical and surgical predictors of perioperative complications in patients with CSM and then to develop a complications prediction rule. Based on our results, patients were at a higher risk of perioperative complications if they had a greater number of comorbidities, coexisting diabetes mellitus, myelopathy secondary to OPLL, and a longer operative From a practical perspective, how could this clinical prediction model be applied? We suggest that there could be a number of practical considerations. For example, patients at a higher risk of: (1) dysphagia/dysphonia (ie, those with a greater number of comorbidities or diabetes mellitus) could be evaluated preoperatively by speech pathologists to assess for subclinical dysphagia and to manage any postoperative issues proactively, (2) wound infections (ie, those with OPLL) could receive local wound application of vancomycin to reduce this risk; (3) neurological complications could be given perioperative neuroprotective agents (such as riluzole or steroids), have greater vigilance around intraoperative blood pressure management, and be monitored by using intraoperative evoked potential recordings. Furthermore, surgeons can use this knowledge to discuss the risks and benefits of surgery with their patients during the consent process and to ensure appropriate monitoring and management in the postoperative period. Furthermore, health care providers can use a patient's relative risk to anticipate hospital utilization costs, allocate resources accordingly, and optimize postoperative recovery.
This study has also identified key differences in the complication profile between the anterior and posterior approach, laminectomy with fusion and laminoplasty, and 1-and 2-stage surgery. Based on our findings, (1) the anterior approach is associated with higher rates of dysphagia/dysphonia; (2) there is a higher incidence of infection in patients treated by laminectomy and fusion; and (3) 2-stage procedures are accompanied by increased risk of infection and dysphagia/dysphonia. This knowledge will inform surgeons of the likely complications associated with each procedure and allow them to implement appropriate intraoperative preventive strategies as well as an effective postoperative management plan.
Interpretation
Our results must be interpreted in the context of existing literature. With respect to coexisting diseases, a single study assessed complication rates between patients with and without diabetes mellitus while controlling for several key confounders including age and number of fused levels. 16 According to Cook et al, 16 patients with diabetes mellitus were at a higher risk of cardiac complications (OR = 1.57, P = .01) and "other complications" (OR = 1.54, P = .01) than patients without diabetes mellitus. In addition, cardiac complications (OR = 2.82, P = .03), hematomas (OR = 5.13, P , .01), and postoperative infection (OR = 7.46, P = .02) were more common in patients with uncontrolled diabetes mellitus than in those with controlled disease. 16 In surgical lumbar studies, diabetes mellitus was also a significant risk factor of non-unions and wound infections. [17] [18] [19] [20] Based on our survey results, spine professionals agreed that a patient's general preoperative health status was a significant predictor of perioperative complications. Specifically, if a patient [21] [22] [23] [24] [25] [26] ; however, only 2 of these conducted a well-powered multivariate analysis. 27, 28 In a systematic review by Tetreault et al, 29 low-level evidence suggested that patients with a diagnosis of OPLL were at a higher risk of developing upper extremity or C5 nerve palsy postoperatively. Low-level evidence, however, indicates low confidence that the evidence reflects the true effect and that further research is likely to change the confidence in the estimate of effect or the estimate itself. 30 In the CSM-International study, there were no significant differences in rates of neurological complications (P = .73) or, more specifically, C5 radiculopathy (P = .32) between diagnosis groups. Potential explanations for this discrepancy include differences in definitions across studies, small sample sizes, or reporting differences between investigatorand coordinator-collected data. Patients with OPLL, however, had a higher incidence of wound infection (P = .002), painrelated complications (P = .022), and surgical complications (P = .043) than patients with other forms of degenerative cervical myelopathy. Possible explanations for these increased rates include that the surgery for OPLL is technically challenging and that the ossification process often involves the dura.
Finally, moderate evidence suggests that operative duration is associated with perioperative complications. This surgical variable is a surrogate for case complexity, because patients with increased degenerative pathology will likely undergo a longer surgery or possibly a 2-stage circumferential procedure. In addition, a longer operative duration is associated with higher rates of infection following surgery.
The nonsignificant findings in this current study also confirm the results of existing literature. Based on our analysis, there was no difference in overall complication rates between patients treated anteriorly and those treated posteriorly. This conclusion is in line with the results from the CSM-North America study that identified no significant differences in overall rates of perioperative complications between approach groups. 15 Studies by Ghogawala et al 31 and Kristof et al 32 also reported similar rates of complications between posterior laminectomy and either anterior discectomy or corpectomy. Baseline severity score, smoking status, duration of symptoms, and sex were also not significant predictors of complications. According to a systematic review of the literature, there is moderate evidence confirming no relationship between sex and complications and low evidence suggesting baseline myelopathy severity, smoking status, and preoperative duration of disease are not associated with perioperative complications.
Imaging factors were not evaluated in this study but will be a topic of future research. Lubelski et al 33 developed a model to predict C5 palsy following decompression surgery by using preoperative anatomic measurements from magnetic resonance images (MRI). 33 Based on this study, a combination of anteroposterior diameter, foraminal diameter, and cord-lamina 
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angle could accurately identify (95%) patients who would experience symptoms of C5 radiculopathy postoperatively. This high discriminative ability provides strong evidence that imaging factors do play a significant role in predicting neurological complications and likely overall complication rates. Imagama et al 22 also reported that nerve root palsy is associated with a smaller width of the intervertebral foramen of C5 and a higher degree of anterior protrusion of its superior articular process. 22 In addition, several studies have recognized that a larger occupying ratio of OPLL is significantly predictive of upper extremity paresis 34 and of major intraoperative blood loss. 35 Other factors have been reported as insignificant predictors of complications: preoperative lordosis, 22, 23 signal intensity on a T2-weighted MRI, 22, 36 C2-C7 angle, and cervical curvature. 37, 38 Future prospective research, however, is required to truly evaluate the predictive value of these MRI factors.
Generalizability
This model was first conceptually developed using evidence from a systematic review of the literature and results from a survey of 916 spine professionals from AOSpine International. These methods will serve to improve the generalizability and validity of this prediction rule in future populations. In addition, because patients were prospectively enrolled at 16 global spine centers, our findings likely have a greater degree of external validity than results from previous single-center studies. However, before this model is implemented into clinical practice, its performance must be evaluated on an external sample.
Limitations
To date, our system of adverse event adjudication likely represents the most consistent, unbiased, and comprehensive method of identifying complications in a surgical cohort. However, the heterogeneity of complications and regional variations in definitions may still affect the reporting and reliability of our data. Future studies should focus on standardizing definitions across centers and developing a more reliable classification system for complications. It is also necessary to further explore important predictors of specific types of complications such as hardware failure, progression of myelopathy, dural tear, and C5 radiculopathy. We speculate that predictors will vary significantly depending on what type of complication is used as the dependent variable.
Another limitation was the missing BMI data. As a result, we were unable to evaluate the predictive value of this clinical variable.
CONCLUSION
Patients undergoing surgery for CSM have a higher risk of perioperative complications if they have a greater number of comorbidities, coexisting diabetes mellitus, OPLL, and longer operative duration. Patients with OPLL experience a higher rate of wound infections and surgical and pain-related complications than patients with other forms of degenerative cervical myelopathy. Those with diabetes mellitus and a higher number of comorbidities are at an increased risk of dysphagia/dysphonia. Finally, a longer operative duration is predictive of surgical complications. Surgeons can use this 
